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ABSTRACT

Globally, the mean atmospheric carbon dioxide level has risen steadily since preindustrial times, which is largely attributable to human activities such as increased
emissions from fossil fuel burning, and clearing of forests. Numerous research efforts
have been made to understand responses of trees in higher atmospheric carbon dioxide
levels in short term, small-scale experiments. To overcome the limitations of these
experiments and understand the response of trees in a natural environment, the Free Air
Carbon dioxide Enrichment (FACE) project was proposed. FACE is a global project that
involves experimentally enriching carbon dioxide in the atmosphere of terrestrial
ecosystems. The FACE project was designed to address long-term responses of
ecosystems to climate-related changes that will occur in the future. The objective of this
research was to assess the chemical composition of two deciduous tree species, sweetgum
(Liquidambar styraciflua) and aspen (Populus tremuloides) which underwent long term
(ten years) exposure to elevated carbon dioxide in two FACE sites. Changes due to
carbon dioxide enrichment in the structural chemical components such as cellulose,
hemicellulose, lignin, and the non-structural components including nutrients, ash and
extractives were analyzed.
The results indicated that the structural components of sweetgum and aspen were
not significantly affected by long term exposure to elevated carbon dioxide. However,
statistical differences were found in non-structural components. In the case of sweetgum,
total phenolics, ash content - specifically calcium, and magnesium - were increased in
trees exposed to carbon dioxide enrichment. In aspen trees exposed to elevated carbon
iv

dioxide, ash (potassium and phosphorus), were increased. By principal component
analysis of all the measured responses, a separation between trees exposed to elevated
and ambient carbon dioxide was obtained. In addition to the separation, the multivariate
approach revealed that some of the structural components of wood may also be affected
at a lesser degree by elevated carbon dioxide.
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CHAPTER 1
Global climate changes and responses of trees under Free air CO2 enrichment

1.1 Overview of Global Climate Changes
Global climate is characterized by worldwide statistics of temperature, humidity, atmospheric
pressure, wind, precipitation, and other meteorological measurements over long periods of time.
In recent decades, various natural phenomena have indicated changes in the global climate.
Increases in global surface temperature also known as global warming, decreases in arctic sea ice
and land ice, increases in sea level, and changes in precipitation patterns are all indicators of
global climate changes. Average earth’s surface temperature has increased by 0.8˚C over the past
100 years and about 75% (0.6˚C) of this warming occurred just over the past three decades
(America's Climate Choices 2011). This increase of surface temperature is mainly caused by
higher level of greenhouse gas emissions produced by human activities, which have been rising
steadily since the Industrial Revolution (Baede et al. 1996). These greenhouse gases trap radiant
heat from the earth in the lower atmosphere, which results in global warming. These rising
greenhouse gas emissions in the atmosphere are the main cause of the global climate changes.
Carbon dioxide (CO2), methane (CH4), nitrous oxide (N2O), hydrofluorocarbons (HFCs),
perfluorocarbons (PFCs), and sulphur hexafluoride (SF6) are the main types of greenhouse gases
produced by human activities (Crowley 2000). The awareness of global warming and efforts to
mitigate climate changes had led to the Kyoto protocol, an international agreement to reduce
greenhouse gas emissions by an average of 5% below the emission levels of 1990 by 2012
(United Nations 2005).
Carbon dioxide is the main focus of global climate changes studies, because it accounts for
about 70-80% of the greenhouse gases (IPCC 2007), and shows the highest level of increase rate
10

among greenhouse gases (Blodgett 2002). Recent increase of CO2 concentration in the
atmosphere is principally due to human activities such as burning fossil fuels and clearing forests
(Houghton and Woodwell 1989). The trend of global average temperature and CO2 concentration
from 1880 to 2004 is shown in Figure 1.

Figure 1. Atmospheric CO2 concentration at Mauna Loa, Hawaii, and derived from polar ice cores
and average global surface temperature. (Data from Woods Hole Research Center, presentation by
Director John P. Holdren, The Scientific Evidence)

According to Figure 1, atmospheric CO2 level has raised from 290 ppmv (part per million by
volume) in 1880 to 370 ppmv in early 2000s, and the global surface temperature has risen from
13.7 ˚C (56.6 ˚F) in 1880 to 14.4 ˚C (58 ˚F) in 2004. Scientists predict that the level of CO2 to
increase to 500-1000 ppm by the year of 2100 (IPCC 2007).
Despite the ongoing debates on how global climate changes will impact human lives, climate
changes are being observed and ecosystems are responding to those changes. Therefore, it is
11

necessary to understand the natural responses of plants and trees to global climate change, which
will help us to prepare for these future changes. Various attempts have been made to understand
the responses of plants to elevated CO2 in controlled environments (Drake et al. 1997; Jach and
Ceulemans 1999; Kimball 1983; Long et al. 2004; Medlyn et al. 1999; Murray et al. 1994; Norby
et al. 1999; Sigurdsson 2001).
CO2 has been shown to have positive and negative effects on plants. In general, CO2 is
closely associated with photosynthesis rate of plant when enough light, nutrients, and water are
provided. The primary effects on plants of rising CO2 include reduction in stomatal conductance
and transpiration, improved water-use efficiency, increased photosynthesis rate, and increased
light-use efficiency (Drake et al. 1997). Lemon et al. suggested that interactions between a plant
and its environment (both biotic and abiotic) could alter the system-level response to CO2
(Lemon 1983). Numerous studies have indicated that a higher level of atmospheric CO2
positively affects the growth and mass productivity of plants due to a higher photosynthetic rate
(Ainsworth and Long 2005; Hattenschwiler et al. 1996; Melillo et al. 1993; Saxe et al. 1998;
Wullschleger et al. 1995). In addition to enhancing plant growth, elevated CO2 levels alter the
production of secondary metabolites (Mattson et al. 2005). Mattson and co-workers found that
plants exposed to higher CO2 concentration had more free phenolics (Mattson et al. 2005).
However, the majority of these conclusions came from studies of individual species grown in
controlled environments or enclosures (Amthor 1995; Ceulemans and Mousseau 1994; Curtis
1996; Drake et al. 1997; Gunderson and Wullschleger 1994; Kimball 1983; Saxe et al. 1998). In
spite of various efforts to understand ecosystems’ responses to CO2, the research has been
inconclusive because most of the research has focused on understanding fundamental
physiological changes of plants from enclosed, greenhouse-scale experiments (Wittwer and
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Robb 1964). Even though those findings from small scale experiments have formed the basis for
our knowledge of physiological responses of plants to elevated CO2, there are a number of
potential limitations in using small scale, short-term, potted-plant experimental conditions to
estimate real responses of plants to the changing climate (Kimball 1983). The responses of plants
to elevated CO2 concentration vary between species, soil types, and climate conditions and are
complex in nature (Norby et al. 1999). In addition, the responses of ecosystem to climate
changes may occur slowly and involve complex interactions among organisms, temperature,
atmospheric gases level, and soil communities (Norby et al. 1999). In addition, ecosystems will
be impacted not only by rising CO2 levels but also by a combination of other greenhouse gases
increases and climate changes derived from the subsequent greenhouse gas effects (Norby et al.
2001).
To overcome those limitations, the Free Air Carbon dioxide Enrichment (FACE) project was
proposed. FACE is a global project that involves experimentally enriches and controls the
amount of CO2 (and in some cases, other gases) in the atmosphere of terrestrial sites. The project
was designed to address longer-term responses of ecosystems to climate-related changes that will
occur in the future (Norby et al. 2001).

1.2 Overview of Free Air Carbon dioxide Enrichment (FACE) project
The Free Air Carbon dioxide Enrichment (FACE) project was designed to study the effects
of higher CO2 concentrations on ecosystems in natural settings. The project was mainly initiated
to obtain better understanding about the real responses of ecosystems to higher CO2 levels.
Enoch first spoke about the need for the scientific community to participate in a multinational
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effort to study the effects of elevated atmospheric CO2 on managed and unmanaged ecosystems
(Lemon 1983). In 1992, Allen coined the acronym FACE and attempted to simulate the effects
of CO2 releases on plant (Allen 1992). Through many attempts and efforts, the Brookhaven
National Laboratory designed a FACE release system in 1993 (Hendrey et al. 1993). In addition
to predicting ecosystem’s future responses to higher CO2 level, the FACE research was intended
to provide guidance on the potential uses of the various tree species as natural resources for
human in the future. In the United States, the FACE project was sponsored by the Office of
Science, and the Biological and Environmental Research from the Department of Energy (DOE).

FACE is a global project that involves various plant species. Types of plant species have
been treated under different experimental conditions at many FACE sites distributed
internationally. Figure 2 is a global map showing all the FACE sites, and the complete list of
FACE sites and their characteristics are provided in Table 1. The main experimental condition
was higher CO2 concentrations in atmosphere, but in some sites it was combined with other
parameters such as temperature, water, nitrogen, ozone, light, nutrients, and competition between
different tree species (Norby et al. 2001).
A typical FACE plot is circular and surrounded by a ring of pipes that release CO 2 (or O3,
CO2 + O3) at vertical intervals. There are 36 FACE sites over the world conducting experiments
on different atmospheric conditions with different types of biomass plantation according to the
ORNL FACE data management system (ORNL FACE datamanagement system ) (Table 1, Fig
2). In some cases, the CO2 treatment was applied for over a period of 10 years. The ring sizes,
plant type, and treatment differ by site locations.
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Figure 2. A map of global FACE sites. Red dot is for FACE sites which has large size rings, and yellow dot is for small scale of FACE sites.
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Table 1. A list of global FACE sites and their characteristics. (FACE data management
system, http://public.ornl.gov/face/global_face.shtml)

Place

Plot
Diameter

Ecosystem

Treatment

Year
Started

Current
Status

Horsham

16m

Rainfed Wheat

CO2: 550ppm

2007

In progress

Pontville,
Tasmania

1.5m

Native grassland

CO2: 550ppm +
2C warming

2002

In progress

Walpeup

4m

Australian
Grains

CO2: 550ppm

2008

In progress

Yabulu,
Queensland

15m

Tropical grass,
Eucakyptus,
Acacia

CO2: 370, 460,
550ppm

2001

In progress

China

Jiangsu Province

12m

Rice, Wheat

CO2:
ambient+200ppm

2001

In progress

Finland

Mekrijarvi

1m

Bog

CO2: 560ppm

Closed

France

ClermontFerrand

1-2m

Temperate
grassland

CO2: 600ppm

Closed

1999

In progress

1998

In progress

Country

Australia

Braunschweig

20m

Agronomic
crops

CO2: 550ppm
’99-’05: 2
nitrogen
treatments
’07-’08: 2 water
level

Giessen

8m

Grassland

CO2:
ambient+20%

Munich

1-2m

Temperate
grassland

CO2: 600ppm

Closed

Hungary

Godollo

1-2m

Perennial loess
grassland

CO2: 600ppm

Closed

India

New Delhi

Brassica spp.
Rice

CO2: 560ppm

Closed

Ireland

Dublin

1-2m

Temperate
grassland

CO2: 600ppm

Closed

Rapolano

1-2m,
10 X 3m,
8m, 22m,
30m

Temperate
grassland,
potato,
agronomic crops

CO2: 560600ppm

1995

Closed

Viterbo

20m

Poplar

CO2: 550ppm

1999

Closed

Tsukuba, Ibaraki

17m

Rice, paddy field

CO2:
ambient+200ppm

2010

Shizukuishi,
Iwatae

12m

Rice, paddy field

CO2:
ambient+200ppm

1998

Germany

Italy

Japan

16

Closed

Country

Place

Plot
Diameter

Ecosystem

Treatment

Netherlands

Wageningen

1m

Bog

CO2: 560ppm

New
Zealand

Bulls

12m

Grazed pasture
grassland

CO2: 475ppm

Sweden

Kopparasmyren

1m

Bog

CO2: 560ppm

Eschikon

18m

Grassland

CO2: 600ppm

1993

Closed

Fagus, Quercus,
Carpinus,
Prunus, Acer,
Tilla

CO2: 600ppm

2000

In progress

Hofstetten
Switzerland

United
Kingdom

United
States

Year
Started

Current
Status
Closed

1997

In progress
Closed

Les Chaux-desBreuleux

1m

Bog

CO2: 560ppm

Closed

Stillberg-Davos

20m

Laris decidua,
Pinus, Uncinata

CO2: 550ppm

Closed

Bangor

8m

Deciduous forest

CO2:
ambient+200ppm

In progress

Cumbria

1m

Bog

CO2: 560ppm

Closed

Cedar creek
ecosystem
science reserve,
MI

20m

C3, C4 grasses

CO2: 550ppm

In progress

Cheyenne, WY

3.4m

Mixed grass
prairie

CO2: 600ppm

2006

In progress

Duke Forest, NC

30m

Loblolly pine

CO2:
ambient+200ppm

1994

Closed

Jasper Ridge, CA

2m

Grassland

CO2: ambientx2

Maricopa, AZ

25m

Agronomic
crops

CO2: ambientx2

Mojave Desert,
NV

23m

Desert scrub

CO2:
ambient+50%

1997

Closed

Oak Ridge, TN

25m

Sweetgum

CO2: 550ppm

1998

Closed

Rhinelander, WI

30m

Aspen, paper
birch, maple

CO2:
ambient+200ppm
O3: ambientx1.5

1998

Closed

Sky Oaks, CA

16m

Chaparral

CO2: 550ppm

UrbanaChampaign, IL

20m

Soybean

CO2: 550ppm
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Closed

In the U.S., there were three FACE experimental systems that involved forest trees:
the Oak Ridge (ORNL) FACE site with a sweetgum (Liquidambar styraciflua)
plantation, the Duke FACE site with a loblolly pine (Pinus taeda) plantation, and the
Aspen FACE site with aspen (Populus tremuloides), paper birch (Betula papyrifera), and
maple (Acer saccharum) trees. The enrichment treatments at these three sites have ended
and the samples/data collected from these sites are being analyzed. The ORNL and Duke
FACE sites’ atmospheric treatment condition was only elevated CO2, while at the Aspen
FACE site, both, elevated CO2 and O3, were applied. The planted trees in each site
(sweetgum, loblolly pine, aspen, paper birch, and maple) are important commercial
species for lumber, furniture and other forest products (Forest Product Laboratory 2010).

1.3 Thesis Objectives
The primary effects of elevated CO2 concentration on trees include higher rates of
photosynthesis, enhanced productivity, and increased light-use efficiency (Drake et al.
1997). Such physiological changes may lead to changes in chemical composition of the
different parts of trees including leaves, xylem (wood), phloem (bark) and roots. Effects
of elevated CO2 concentration on anatomical and physical properties of wood have been
variable (Beismann et al. 2002; Blaschke et al. 2002; Cotrufo and Ineson 2000; Luo et al.
2008; Overdieck et al. 2007; Rogers et al. 1983). Several studies on changes in chemical
composition of wood due to the elevated CO2 have been accomplished on softwood
(Atwell et al. 2003; Entry et al. 1998; Hattenschwiler et al. 1996; Kilpelainen et al. 2005;
Kilpelainen et al. 2003; Kostiainen et al. 2009; Olszyk et al. 2005; Tingey et al. 2003).
However, most of these studies were conducted on samples from controlled environments
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(potted plants or open-top chamber). Similar studies on hardwood have been done from
free-air CO2 enriched samples (Kaakinen et al. 2004; Kostiainen et al. 2006; Luo et al.
2008; Luo and Polle 2009). However, the results appear to be inconclusive suggesting
chemical composition changes could be different among species. Also those studies were
on trees exposed to the elevated CO2 for a relatively short time which were 3-5 years of
treatments. Therefore, the goal of this research was to investigate the effects of long-term
application of elevated CO2 in the atmosphere on wood properties of two deciduous tree
species. Sweetgum (Liquidambar styraciflua) from the ORNL site and aspen (Populus
tremuloides Michx.) from the Aspen site. Eight sweetgum trees were selected from the
elevated and ambient CO2 plots at ORNL FACE site. From the Aspen FACE site, ten
aspen trees were chosen from each treatment condition. To achieve this goal, the research
proposed to pursue the following objectives:
1) Compare structural carbohydrates and lignin composition of the xylem of trees
growing under elevated and ambient CO2. The amount of cellulose, hemicellulose
and lignin, which are the main structural components of xylem tissues were
analyzed. The effects of CO2 treatment on these main chemical components were
examined to determine whether elevated CO2 affects the structural chemical
composition of wood.
2) Compare non-structural chemical composition of the selected two tree species
developed under elevated CO2 and ambient conditions. This included various
types of nutrients, ash content, and extractives of the xylem. These characteristics
were selected to study indirect effects of the elevated CO2 to the non-structural
composition of xylem tissues. The differences between CO2 treated samples and
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control samples were to be examined to verify if elevated CO2 has affected the
non-structural composition of sweetgum and aspen.
3) Investigate the relationship between CO2 treatment and the responses of
sweetgum and aspen under treatments using multivariate analysis. Correlation
was to be used to determine characteristics of the xylem that were the most
affected by elevated CO2.

The research hypothesis of the thesis was that elevated CO2 concentration in
atmosphere will affect chemical properties of the wood. The contribution of the thesis
may improve the understanding of a tree’s chemical responses under long term exposure
of elevated CO2. In chapter 2, the effects of elevated CO2 on structural carbohydrates and
lignin is presented, chapter 3 presents the effects of elevated CO2 on non-structural
composition, and chapter 4 discusses the correlation between CO2 treatments and tree
responses.
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CHAPTER 2
Effects of elevated CO2 on structural carbohydrates and lignin
2.1 Introduction
Wood is the most abundant, easy to use carbon-neutral renewable resources on
earth. However wood is also one of the most intricate materials. Its cell type,
microstructure of cell wall and chemical composition are complex in nature. The
chemical components of wood can be classified as structural or non-structural. Structural
components provide mechanical support for the tree. In a chemical perspective, they are
networks of organic polymers composed of polysaccharides (cellulose and hemicellulose)
and aromatic components (lignin).
Cellulose is a linear homopolymer composed of 8,000 to 15,000 glucose units
connected through β (1-4) linkages (Fig 3). Glucose made in the process of
photosynthesis is transported to processing center located in many places in the tree, and
then polymerized by removing water molecules. The basic repeating unit of the cellulose
is called cellobiose, which consists of two glucose anhydride units connected through β
(1-4) linkage. An array of the long chain cellobiose are held by hydrogen bonds and van
der Waals forces to form ordered crystalline and disordered amorphous regions along the
bundle of cellulose chains which is called microfibrils (Tsoumis 1991). Cellulose gives
strength and rigidity to plant cell wall. Cellulose makes up approximately 40 - 45 % of
wood which is about the same in softwood and hardwood (Tsoumis 1991).
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Figure 3. Chemical structure of cellulose. Cellobiose, which is two glucose units
connected through β (1-4) linkages is shown in the parenthesis

Hemicelluloses are branched heterogeneous polymer composed of five-carbon
(xylose and arabinose), six-carbon (galactose, glucose, and mannose) sugars and sugar
acids (Haygreen and Bowyer 1996). Hardwood hemicelluloses contain mostly xylans
while softwood hemicelluloses are mostly composed of glucomannans (Sjöström 1993).
They consist of shorter chains (500-3000 sugar units) than cellulose and less resistant to
hydrolysis. Hemicelluloses make up about 20 % in softwood and 15-35 % in hardwood.
A schematic of hemicellulose model is shown in Figure 4. These two kinds of
carbohydrate – cellulose and hemicelluloses – are also collectively called holocellulose
and making up to approximately 90 % in some trees (Tsoumis 1991).
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Figure 4. Schematics of hemicellulose

Lignin is a component of the secondary cell wall, and greatly differs from
cellulose and hemicellulose. Lignin is aromatic and hydrophobic in nature. Lignin is
stable and difficult to isolate without modification. Between cells, lignin serves as a
binding agent to hold the cells together. Within cell walls, lignin acts as a structural and
bonding matrix around the other carbohydrate components and thus gives additional
rigidity to the cell walls. Lignin is being polymerized from three types of lignin
precursors, namely p-coumaryl alcohol, coniferyl alcohol, and synapyl alcohol (Fig 5).
These monolignols are polymerized through a series of complex biosynthetic pathway
resulting p-hydroxyl, syringyl, and guaiacyl lignin. In softwoods, lignin is mainly
composed of guaiacyl unit which derives from coniferyl alcohol while lignin in
hardwoods consists of syringyl and guaiacyl units which derived from coniferyl and
synapyl alcohol, respectively (Tsoumis 1991). Lignin takes up approximately 25-35% in
softwood and 15-35% in hardwood. Figure 6 shows an example of possible lignin
structure.
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Figure 5. Three types of lignin precursors (from top left, p-coumaryl alcohol, coniferyl
alcohol, and synapyl alcohol) and a part of lignin derived from these precursors (from
bottom left, p-hydroxyl lignin, guaiacyl lignin, and syringyl lignin). (Hatfield and
Vermerris 2001)

Figure 6. Example of possible structure of lignin (Glazer and Nikaido 1995)
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It has been acknowledged that exposure to increased CO2 levels in the atmosphere
enhances photosynthesis, growth and productivity of trees (Gielen and Ceulemans 2001;
Medlyn et al. 1999; Norby et al. 1999; Saxe et al. 1998). However, effect of elevated CO2
concentration on anatomical and physical properties of wood is variable (Beismann et al.
2002; Blaschke et al. 2002; Cotrufo and Ineson 2000; Luo et al. 2005; Overdieck et al.
2007; Rogers et al. 1983).
Wood density increased with increasing CO2 levels in diffuse porous wood such
as Liquidambar and Populus spp. but it remained unchanged in ring-porous wood such as
Quercus rober (Atkinson and Taylor 1996; Luo et al. 2005; Rogers et al. 1983). In the
hardwoods studied, effects of elevated CO2 on vessel lumen diameter and vessel length
were mixed while frequency of the vessel tended to be unchanged regardless of tree age,
wood species, and treatment methods (Atkinson and Taylor 1996; Beismann et al. 2002;
Gartner et al. 2003; Luo et al. 2005; Overdieck et al. 2007). In softwoods, effects of
elevated CO2 on tracheid length, tracheid lumen diameter, and cell wall thickness were
inconclusive (Atwell et al. 2003; Ceulemans et al. 2002; Conroy et al. 1990; Handa et al.
2006; Kilpelainen et al. 2003; Maherali and DeLucia 2000; Yazaki et al. 2001; Yazaki et
al. 2004; Ziche and Overdieck 2004). In wood chemistry, the cellulose and lignin content
of softwood trees generally remained unchanged (Atwell et al. 2003; Entry et al. 1998;
Hattenschwiler et al. 1996; Kilpelainen et al. 2005; Kilpelainen et al. 2003; Kostiainen et
al. 2009; Olszyk et al. 2005; Tingey et al. 2003). Kostiainen et al. studied the effects of
elevated CO2 and temperature on chemical components of mature Norway spruce (Picea
abies) stem wood (Kostiainen et al. 2009). The trees were grown for 3 years in wholetree chambers at ambient (365 ppm) or elevated (700 ppm) CO2, and ambient or elevated
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air temperature (ambient + 5.6 C in winter, ambient + 2.8 C in summer). They found no
significant differences in the stem wood chemistry of the trees when exposed only to the
elevated CO2 environment. However, the amount of soluble sugars and extractives
decreased when exposed only to the elevated temperature. When trees were exposed to
the combined treatment of elevated temperature and CO2, chemical changes were limited
to anatomical and physical properties of wood. No significant changes were found in
chemical composition at the elevated CO2 and temperature condition (Kostiainen et al.
2009). Runion and co-workers studied longleaf pine (Pinus palustris) seedlings in pots
under different CO2 (365 or 730 ppm) levels in an open-top chamber for 20 months. They
added two water-stress treatments (mean xylem pressure potential of –0.6 MPa for well
watered and –1.3 MPa for water stressed) 19 weeks after initiation of the study. Although
they found some chemical changes in needles and taproots, no changes were observed in
stems and lateral roots (Runion et al. 1999). Atwell et al. characterized clonal trees of
Pinus radiata in an open-top chambers for 3 years under ambient (37 Pa, approximately
365ppm) or elevated (65 Pa, approximately 642ppm) CO2 partial pressure (Atwell et al.
2003). Nitrogen (N) was provided to half of the trees in each CO2 treatment for 2 years.
The chemical composition of sapwood was unaffected by elevated CO2 level, while
changes in sapwood density were detected.
Studies on chemical changes of hardwood species under elevated CO2 level are
scarcer than those of softwood species (Kaakinen et al. 2004; Kostiainen et al. 2006; Luo
et al. 2008). In addition, many studies focused on the interaction between CO2 and other
factors (nitrogen fertilization, O3, temperature, and water). Luo et al. studied the chemical
properties of Populous nigra L under elevated CO2 and nitrogen fertilization using Free-
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Air Carbon dioxide Enrichment (FACE) technology (Luo et al. 2008). Interestingly, the
effect of elevated CO2 on lignin content was significantly different in fall but not in
winter. Soluble phenolics and proteins in wood decreased in response to elevated CO2
regardless of season. In a consequent study, they reported that significant increase in
lignin content occurred only with sufficient nitrogen fertilization (Luo and Polle 2009).
Kaakinen et al. studied chemical changes of hardwood trees harvested from the
Aspen FACE site after 3 years of CO2 treatment (Kaakinen et al. 2004). They focused on
examining the effects of elevated CO2 and ozone (O3) on the chemistry of aspen (Populus
tremuloides), paper birch (Betula papyrifer), and sugar maple (Acer saccharum).
According to their study, wood chemistry responses to the treatments differed between
species. Aspen was the most affected by the CO2 and O3 treatments, while maple was the
least responsive of the three species. Alpha cellulose of aspen was decreased by 1.6%
when treated with elevated CO2 and ambient O3 condition. In birch, the CO2 treatment
decreased the concentration of hemicellulose. However, no changes in the chemical
composition, including structural components, of maple were observed due to the
elevated CO2, O3 or combined treatments. Kostiainen et al. also investigated the chemical
characteristics of silver birch tree from the Aspen FACE, and found decreases in
cellulose and lignin concentration under high level of CO2 for 3 years (Kostiainen et al.
2006). These observations suggest that the response of lignin to elevated CO2 is species
speciﬁc and may be inﬂuenced by growth conditions such as N supply and season.
As mentioned earlier, there has been little study of chemical changes of sweetgum
and aspen wood to long-term elevated CO2 concentration. In addition, many of the
studies were conducted on samples from controlled environments (potted plants or open-
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top chamber), which had limitations to predict real responses of tree to the changed
atmospheric environment. Also, it must be noted that some of the research were
conducted on juvenile wood, and the results could be different with the age of the trees
since the anatomical, physical, and chemical properties of juvenile wood are significantly
different from that of mature wood (Haygreen and Bowyer 1996), suggesting changes in
wood chemistry due to the elevated CO2 level could be different between juvenile and
mature wood. The objective of this chapter is to explore changes in structural chemical
component (cellulose, hemicellulose and lignin) of sweetgum and aspen wood after freeair CO2 enrichment.

2.2 Materials and Methods
Among the three FACE experimental systems involving forest trees in the USA,
the ORNL and Aspen FACE sites were selected for this project. The tree species used are
sweetgum (Liquidambar styraciflua) from the ORNL FACE site and aspen (Populus
tremuloides) from the Aspen FACE site.

2.2.1 Materials
Sweetgum (Liquidambar styraciflua) – ORNL FACE site
The ORNL FACE site is located in the Oak Ridge National Environmental Research
Park in eastern Tennessee, USA (35˚54’N; 84˚20’W). The 50-year average mean annual
temperature was 14.3˚C from 1957-2007. The mean annual precipitation was 1390mm
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for the same period of time (Norby et al. 2002). The soil type is classified as an Aquic
Hapludult, which has a silty clay loam texture and is moderately well drained
(Vanmiegroet et al. 1994).
The ORNL FACE site is a sweetgum plantation. It consists of five 25m-diameter
plots (rings), that had vertical PVC pipes releasing CO2-enriched or ambient air. Among
those five rings, two were elevated CO2 rings (targeting 550ppm in the air surrounding
the trees within the ring) and three ambient CO2 rings (two surrounded by the FACE
structure and a third ambient CO2 plot without structure). Average measured CO2 levels
in the two rings treated with elevated CO2 was 544 ppm and that of three control rings
exposed to ambient air was 391 ppm (Garten et al. 2011). One-year old sweetgum trees
were planted on the site in 1988 and CO2 treatment initiated 10 years later (in 1998). The
CO2 treatment was on during daytime between April and November. The CO2 treatment
stopped, and the trees were harvested in July 2009. Sweetgum is a deciduous hardwood.
It is widely distributed in the southeast part of the USA, It grows moderately to rapidly,
and is highly resistant to insect attack (Enrich et al. 2008). It is a very important biomass
resource in commercial (as furniture, lumber and pallets) and bioenergy fields, because of
its high productivity (Enrich et al. 2008). The ORNL FACE site is shown in Figure 7.
The 5th ring of the ORNL FACE (shown in the middle of the plantation in blue) is not
visible because it has no FACE structure.
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Ambient CO2 rings

Elevated CO2 rings

Figure 7. ORNL FACE site. Two elevated CO2, three control rings are shown. Fifth ring
(blue ring) has no FACE structure which was added later as another ambient control
(http://130.199.4.11/FACE/Locations/ORNL.htm).

Log samples from 0.6-1.1m height from the ground were obtained and stored in 20˚C freezers until the preprocessing steps. Eight trees from each condition (elevated and
control CO2 rings) were harvested for the experiments. Three trees from ring 1, five trees
from ring 2 (which were elevated CO2 rings), three trees from ring 3, two trees from ring
4, and three trees from ring 5 (which were ambient CO2 rings) were collected. A disc
25mm thick was cut from the frozen logs and then examined and marked according to the
annual rings to collect wood that grew during the time of the CO2 treatment. The bark
section was removed and only CO2 treated xylem sections (1998-2009) were processed
for analysis (Fig 8). Pieces of sample blocks were further freeze-dried and chipped with a
chisel into small pieces. The chips were ground via Wiley knife mill equipped with a 40mesh size sieve. The ground samples were used for all the analyses.
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•

1988 (Planting)

•

1998 (Beginning of CO 2 treatment)

•

2009 (End of CO2 treatment)

Figure 8. Sample cutting and Schematic drawing of sweetgum cross-section.

Aspen (Populus tremuloides) – Aspen FACE site
The Aspen FACE site is located in northern Wisconsin near Rhinelander
(45˚60’N; 89˚50’W). Soil properties of the Aspen FACE site are level to gently rolling
Pandus sandy loam (mixed, frigid, coarse loamy Alfic Haplorthod) (Dickson et al. 2000).
Aspen (Populus tremuloides), paper birch (Betula papyrifera), and maple (Acer
saccharum) trees were planted for the study in 1997, and the treatments were
implemented in 1998. The site consisted of twelve treatment rings composed of three
ambient control rings (360 ppm), three elevated CO2 rings (ambient + 200 ppm, 560
ppm), three elevated O3 rings (ambient O3 × 1.5, 50-100 ppb) and three elevated CO2+O3
rings (CO2 560ppm + O3 50-100ppb) (Fig 9). Each ring was a 30m-diameter plot, and
divided into three sections; the eastern half of the section contained aspen trees, the
northwest quarter contained a mixture of aspen and maple, the southwest quarter
contained a mixture of aspen and paper birch. The treatments occurred during the
growing season, from mid-May to mid-October. In 2009, the treatments were stopped
and the trees were harvested. Aspen is an important fiber source for pulp and wood-based
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composite products (Forest Product Laboratory 2010). The Aspen FACE site tree map
and schematic drawing of cross-section are shown in Figure 10. Samples were collected
from three ambient control rings and three elevated CO2 rings. The aspen from the
eastern half of

each ring was selected for the experiments, because this section

contained only aspen trees so the trees grew without any competition from other species.

Elevated CO2 rings

Ambient CO2 rings

Figure 9. Aspen FACE site. Three control rings, three elevated CO2 rings, three elevated O3
rings, and three elevated CO2 + O3 rings.
(https://public.ornl.gov/site/gallery/detail.cfm?id=453&topic=41&citation=&general=&rests
ection=)
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•

1997 (Planting)

•
•

1998 (Beginning of CO2 treatment)
2009 (End of CO2 treatment)

Figure 10. Aspen FACE site tree map (http://aspenface.mtu.edu/ring_maps.htm) and
schematic drawing of aspen cross-section.

Log sections from 0.8-1.3m above ground were obtained for the study. Ten trees
from higher and ambient CO2 rings were selected for this research. Two trees from
ambient ring 1, two trees from ambient ring 2, and six trees from ambient ring 3 were
collected as control samples, and two trees from elevated ring 1, two trees from elevated
ring 2, and six trees from elevated ring 3 were collected as enriched CO2-treated trees
samples. Because 1-year aspen trees were planted in 1997 and the CO2 treatment started
the following year, the whole xylem tissue was used for the analysis. The samples from
the harvested logs were further cut into discs of 25mm thickness and the bark was
removed. They were freeze-dried and chipped with a chisel into small pieces. The chips
were ground using Wiley knife mill equipped with 40-mesh size sieve. The ground
samples were used for all the analyses.
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Chemicals
72% w/w sulfuric acid (purity ≥ 98%), calcium carbonate (ACS reagent grade),
and ethanol (190 Proof), pressure tubes and Teflon stir rods, and nylon syringe filters
were obtained from Fisher Scientific (Suwanee, GA). The sugar standards for High
Pressure Liquid Chromatography (HPLC) were cellobiose, glucose, xylose, galactose,
arabinose, and mannose (purity ≥ 98%), and obtained from Sigma-Aldrich (St. Louis,
MO). Purified water using Millipore Synergy UV water system (Billerica, MA) was used
throughout whole study.
2.2.2 Method
The sweetgum and aspen samples were extracted using an automated extraction
system (ASE 350, Dionex Corp.) following the National Renewable Energy Laboratory
protocol “Determination of extractives in biomass (NREL/TP 510-42619)”. Extracted
samples were then dried in a low temperature oven (35 ˚C) until reaching a constant dried
weight. The dried, extracted sweetgum and aspen samples were used for structural
chemical analyses using the protocol, “Determination of structural carbohydrates and
lignin in biomass (NREL/TP-510-42618)”. This protocol was used to measure cellulose,
hemicellulose, acid soluble lignin, and acid insoluble lignin. A two-step hydrolysis was
used to fractionate the biomass as indicated by the protocol. First, 300.0 ± 10.0 mg of the
extractives free dried sample were weighed out in a 90 mL glass screw-top pressure tube
with Teflon cap and o-ring seal. Then 3.0 ± 0.01 mL of sulfuric acid were added to the
biomass in the tube and stirred with Teflon rods to ensure even acid to ground sample.
The tubes were incubated in a water bath at 30 ± 3 °C for 60 minutes. After this first step,
high acid/low temperature, hydrolysis, the sample was diluted to a 4% concentration with
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addition of 84.0 ± 0.04 mL deionized water. The tubes were then placed in the autoclave
for one hour at 121˚C. This second hydrolysis condition was low acid/ high temperature.
A set of sugar recovery standards (SRS) was used to correct for losses due to
degradation of sugars during the dilute acid hydrolysis step. The SRS included glucose,
xylose, galactose, arabinose, and mannose. The required amount of each standard sugar
was weighed out and added to 84 mL deionized water and 348 µL of 72% sulfuric acid in
a pressure tube. They were hydrolyzed with the biomass samples.
The acid soluble and acid insoluble fractions from the previous steps were then
separated by filtration using filtering crucibles. Additional deionized water was used to
transfer all the remaining solids out of the pressure tubes into the filtering crucibles.
Approximately 50 mL of the filtrate was set aside for acid-soluble lignin and structural
carbohydrates analyses.
The insoluble solids fraction after filtration contains ash and acid-insoluble lignin.
The total mass of insoluble solids was measured gravimetrically (drying at 105 ˚C for 24
hours). The ash content was measured gravimetrically after ashing in a muffle furnace at
575 ˚C for 24 hours. The mass difference between the insoluble fraction matter before
and after ashing was considered to be the acid-insoluble lignin.
The soluble liquid fraction after filtration contains mono sugars and acid soluble
lignin. The acid-soluble lignin was measured by UV/VIS spectrometer (Lambda 650,
Perkin Elmer). The background and reference sample were both deionized water. The
samples were diluted as necessary to bring the absorbance into the range of 0.7-1.0 at 240
nm and 205 nm for sweetgum and aspen samples, respectively.

35

During the two step hydrolysis described above, the polymeric carbohydrates were
hydrolyzed into monomeric forms. These monomeric sugars (glucose, xylose, mannose,
arabinose, and galactose) were quantified using High Pressure Liquid Chromatography
(HPLC). Approximately 20 mL of the filtrate was transferred into a 50 mL Erlenmeyer
flask. Calcium carbonate was used to neutralize each sample to pH 5-6. The sample was
then allowed to settle for five minutes, and the supernatant decanted. The decanted liquid
was passed through a 0.2 µm syringe filter into a HPLC vial. A series of calibration
standards (concentrations 0.1-3 mg/mL) in water were created for the compounds that
were to be quantified. The employed HPLC system was equipped with an Aminex HPX87P column (BIORAD, 300 mm X 7.8 mm, 9 µm particle sizes) attached to a microguard Carbo-P guard column (BIORAD), and refractive index detector (Perkin Elmer).
The HPCL’s oven temperature was 85 ˚C and injection volume was 20 µL.
Eight sweetgum trees and ten aspen trees from elevated and ambient CO2
environments were analyzed for compositional analyses by NREL protocols. All of the
analyses were conducted with three replicates per sample.

Data analysis
The “SAS” was used to perform the data analyses. Data were analyzed by the
Analysis of Variance (ANOVA) to test if differences existed between the means of
sample groups from elevated and ambient CO2 sites at a significance level of  < 0.05.
For the mean separation, Fisher’s Least Significant Differences (LSD) was employed.
The treatment was levels of CO2. The variables were biomass composition such as
structural sugars and lignin content.
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2.3 Results and Discussion
Cellulose content of ambient sweetgum was found to be relatively constant at 3940 % among samples, while elevated CO2 samples ranged from 35-44 %. Hemicellulose
content of sweetgum was from 19-24 %, and had variations among samples. Lignin
content was relatively consistent throughout the samples. The lignin percentage ranged
from 24 % to 26 % (Fig 11). The content of cellulose, hemicellulose, and lignin of aspen
samples were 38-44 %, 16-17 %, and 19-21 %, respectively. The variations of the
cellulose, hemicellulose, and lignin contents in aspen were relatively constant (Fig 12).
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Figure 11. Cellulose, hemicelluloses, and total lignin content of sweetgum (Liquidambar
styraciflua), values are % dry basis.
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Figure 12. Cellulose, hemicelluloses, and total lignin content of aspen (Populus tremuloides),
values are % dry basis.
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The estimated mean values of structural composition of the two trees from LSD
are provided in Table 2. For both sweetgum and aspen, amount of cellulose and
hemicellulose appeared slightly higher for the CO2 enriched samples. Lignin from
sweetgum tended to decrease with CO2 enrichment. On the contrary, lignin from aspen
tended to be slightly higher with CO2 treatment. However, statistical analysis regarding
structural components indicated that there were no differences in cellulose,
hemicellulose, and lignin content between ambient and elevated CO2 conditions for both
tree species (α < 0.05).
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Table 2. The structural composition of sweetgum and aspen from elevated and ambient CO2 condition.1
Structural composition, % dry basis
composition
Sweetgum-control

Sweetgum-CO2

Aspen-control

Aspen-CO2

cellulose

38.73 (0.16) a 2

39.98 (0.68) a

41.17 (0.67) a

42.30 (0.62) a

hemicellulose

21.71 (0.40) a

22.11 (0.18) a

16.44 (0.22) a

16.89 (0.20) a

lignin

25.57 (0.21) a

25.13 (0.13) a

19.21 (0.11) a

19.52 (0.18) a

1) Estimated mean values from three replicate measurements of each tree samples. Standard error appeared in parentheses.
2) Same letters indicate no significant difference (α < 0.05) among control and CO2 enriched samples based on Least Significant
Difference (LSD).
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These findings are in agreement with previous research (Atwell et al. 2003; Entry et al.
1998; Kilpelainen et al. 2003; Olszyk et al. 2005; Tingey et al. 2003), which also indicated that
there were no significant changes in wood structural components due to the elevated CO2
treatments. However, some of the previous research only partially agrees with our results
(Cotrufo and Ineson 2000; Kaakinen et al. 2004; Kilpelainen et al. 2005). For example, Cotrufo
and Ineson (2000) studied beech under open top chamber condition and reported that while the
concentration of holocellulose (cellulose + hemicellulose) remained unchanged, lignin content
changed significantly (12 % lower) upon 5-years of CO2 enrichment.
The different results regarding structural carbohydrates could be due to the differences in
the tree species, their ages and the length of the treatments. 21 year-old sweetgum samples
obtained from ORNL FACE site were treated with elevated CO2 (544ppm) from 1998 (10th year)
until 2009 (21st year) and harvested in 2009. Aspen samples obtained from the Aspen FACE site
were also treated with elevated CO2 (560ppm), but the treatment was initiated one year after
plantation (1998) and continued until 2009. There are several phases in wood formation such as
cell division in cambial zone, differentiation, expansion, secondary wall deposition, etc.
(Tsoumis 1991). These formation phases occur consecutively and they can be affected by
external factors. Responses to the external factors of mature trees to CO2 treatment can be
different than responses of younger/juvenile tree to CO2 treatment.
It has been acknowledged that the increased CO2 in the atmosphere would increase
photosynthesis of plant. However, the allocation of photosynthate depends on the demand of
tissues in plant. In other words, increased photosynthate due to CO2 is most likely transported to
the tissues that encounter most limiting resources (Entry et al. 1998). Many studies pointed out
that upon increased CO2 treatment, fine root growth also increased (Nosberger et al. 2006;
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Chapman et al. 2005; King et al. 2001; Norby et al. 2004). Entry et al. also found that structural
carbohydrates to total carbon ratio in the fine roots increased upon elevated CO2 treatment (Entry
et al. 1998). This suggests that part of photosynthate could be transferred to the root of the plant
(Nosberger et al. 2006). According to Norby et al, above-ground wood production was 35 %
greater in CO2 enriched rings during the first year of exposure, 15 % higher in the second year
(Norby et al. 2002).

Then the enhancement of above-ground wood production gradually

declined, but below-ground production increased continuously (Norby et al. 2005). The results of
this study (i.e., no significant differences existed in terms of structural chemical properties of the
sweetgum) and the results of wood productions from Norby’s group are in agreement with the
findings of Kilpelainen (Kilpelainen et al. 2007). They reported that although stem diameter of a
20-year old scots pine treated with elevated CO2 for 6 years also increased, it appeared that
structural chemical components remained unaffected. It appears that effects of CO2 in trees may
be mostly seen in highly demanding tissues (Nosberger et al. 2006).

2.4 Conclusions
In this study, changes in the structural chemical components (cellulose, hemicellulose
and lignin) of sweetgum (Liquidambar styraciflua) from the ORNL FACE site and aspen
(Populus tremuloides) from the Aspen FACE site due to free-air CO2 enrichment were
examined. Chemical analysis of the xylem suggested that, for both sweetgum and aspen, there
were no significant changes in the amount of structural components of the xylem. The structural
component in the xylem tissue was not significantly affected by elevated atmospheric CO2 even
if the growth rate was increased due to higher photosynthesis rate.
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CHAPTER 3
Effects of elevated CO2 on non-structural components
3.1 Introduction
While three major structural components – cellulose, hemicelluloses, and lignin –
compose the tree’s mechanical properties, there are also other important elements that affect
wood characteristics, which are known as non-structural components. The non-structural
components include extractives and ash (Tsoumis 1991).
3.1.1 Nutrients
The primary mineral nutrients for plant growth are nitrogen (N), phosphorus (P), and
potassium (K). N makes the largest portion among the three primary nutrients in plants. In
addition to its highest percentage among three primary nutrients, N also has essential functions
as part of the plant structure, or in plant’s life processes. N can be found in various parts of the
plant in different forms. It is a part of chlorophyll in leaves, and chlorophyll takes solar energy
and produces sugars for the plant (Epstein and Bloom 2004). N is a constituent of all amino acid,
amides, proteins, nucleic acid, and other types of metabolic entities. While carbon acquisition in
photosynthesis represents the energy capture for plant life, nitrogen fixation and nitrate
assimilation are major energy expenditures (Epstein and Bloom 2004). The amount of N and its
alteration according to the changes of CO2 level have been observed by various studies (Atwell
et al. 2003; Bloom et al. 2002; Cavagnaro et al. 2011; Cotrufo and Ineson 2000; Entry et al. 1998;
Garten et al. 2011; Norby et al. 2010).
The N status in plant is closely related to soil N availability, plant N uptake, and
assimilation capacity (Natali et al. 2009). Luo and co-workers found that the ability of plant to
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uptake and assimilate N has a critical effect on plant responses to higher CO2 levels (Luo et al.
2004). In addition, Norby and his group reported that N limitation led to a decrease of net
primary productivity in trees (Norby et al. 2002). N availability was limiting on the ORNL site
because no N fertilizer treatment was applied on this site. The first few years of the treatment
caused significant increase of net primary productivity (NPP) of the sweetgum with enough
amount of N available in the soil. However, without applying additional N, N deficiency
occurred for the trees that had increased NPP. After 6 years of CO2 treatment, NPP declined over
time and reached the same level as the control at the end of the treatment (Norby et al. 2010).
This result supported the earlier findings by Liberloo who reported that poplar trees exposed to
CO2 at EUROFACE sites for 6 years tended to regulate lower photosynthetic rate under elevated
CO2 when there wasn’t a sufficient nutrient supply (Liberloo et al. 2007). This down-regulation
of photosynthesis under elevated CO2 was correlated to an increase in carbon/nitrogen ratio in
the plant (Liberloo et al. 2007).
Aside from primary nutrient such as N, there are other essential nutrients that trees uptake
from soil to complete their life cycle (normal growth and reproduction). These additional
nutrients are calcium (Ca), magnesium (Mg), sulphur (S), iron (Fe), manganese (Mn), zinc (Zn),
boron (B), copper (Cu), and molybdenum (Mo), and can be regrouped by amounts found in
plants. N, P, K, Ca, Mg, and S are called macronutrients since large amounts are found in the
plants, and Fe, Mn, Zn, B, Cu, and Mo are called micronutrients because they are found in very
small amounts (Epstein and Bloom 2004).
Apart from the functions of three primary nutrients for trees, an understanding of the
functions of the other essential nutrients, macro or micronutrient, and current nutrient status of
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trees is important to predict how trees would respond over time in changing environmental
conditions (Vitousek and Howarth 1991).
Ca is an important component of plant cell walls, by stabilizes the polysaccharides and
maintaining the integrity of membrane especially the plasma membrane (Epstein and Bloom
2004). K is an activator of many enzymes that are essential for photosynthesis and respiration
and also activates enzymes needed to form starch and protein. K is quite mobile in the plant, so it
is a major contributor to the osmotic potential of cells and their turgor pressure. Mg is involved
in most reactions involving adenosine diphosphate (ADP) and adenosine triphosphate (ATP). Mg
is a constituent of chlorophyll and activates key enzymes involved in CO2 fixation. It also has
structural roles in membranes. P participates in metabolism by forming water-stable phosphate
esters and anhydrides. P has several fundamental roles such as linkage (as in nucleic acids),
substrate mobilization, energy conservation, and source of free energy in bond formation. S is
found mainly in proteins in the form of sulfhydryl groups or disulfide groups (Epstein and
Bloom 2004). Johnson reported that P, K, Ca, or Mg concentration in the tissue were not affected
by elevated CO2, and elevated CO2 caused significant increase of uptake and requirement of K,
Ca, and Mg after studying sweetgum and soil from ORNL FACE site (Johnson et al. 2004).
3.1.2 Extractives
Extractives are non-structural components or secondary metabolites of plant. They may
play a role in trees’ defense mechanisms. They exist in cell lumina and cell walls and can be
removed using solvents such as water, alcohol, acetone and ether. Extractives is a general terms
that comprises gums, fats, waxes, resins, sugars, oils, starches, alkaloids, and tannins (Tsoumis
1991). While lipids and phenolics are two main types of extractives, monosaccharides and their
derivatives are also part of extractives. Lipid includes fats, waxes, sterols, monoglycerides,
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diglycerides, and others. The main biological functions of lipid are energy storage and
functioning as signaling molecules (Subramaniam et al. 2011). Phenolic compounds include a
large group of chemical compounds that affect the color of wood. This large group of phenols
can be categorized into flavonoids and non-flavonoids. Flavonoids include the anthocyanins and
tannins, and non-flavonoid includes the stilbenoids such as resveratrol and phenolic acids such as
benzoic, caffeic, and cinnamic acids (Kennedy et al. 2002). Monosaccharides, known as free
sugars, are usually colorless and water-soluble. Example of monosaccharides includes glucose,
fructose, ribose, sucrose and others.
In wood, extractives in sapwood include materials such as monosaccharides, starch and
lipids, which serve as energy reserves while extractives in heartwood are absent of sugar and
starch, and mostly composed of phenolics and terpenes (Taylor et al. 2007). The amount of
extractives varies from less than 1% to more than 10% of the oven dry weight of wood (Tsoumis
1991). However it can be higher in some tropical species (Tsoumis 1991). The type and amount
of extractives in wood vary between species and within and among individual trees. In addition
to the normally formed extractives, they also can be formed by injury or insect attack in the
sapwood area of a tree as a protection mechanism (Hillis 1971). Also fast grown trees can have
different types of extractives from slow grown trees (Swan and Akerblom 1967). Swan and
Akerblom reported that heartwood of young fast-grown eucalyptus had fewer amounts of
extractives than that of slow-grown trees (Swan and Akerblom 1967). A genetic influence is a
major factor on extractives content, however the effects of environmental factors on extractives
in heartwood are not clear (Hillis 1971; Taylor et al. 2002).
A few studies have reported on the effects of elevated CO2 on wood extractives (Entry et
al. 1998; Kilpelainen et al. 2005; Kilpelainen et al. 2003). Entry et al. studied 1-year old longleaf
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pine (Pinus palustris Mill.) under two concentrations of atmospheric CO2. Two levels of
nitrogen fertility were applied within open top chambers (OTCs) for 20 month. Elevated CO2 did
not change the amount of extractives in the stem when combined with low level of N fertilization.
Kilpelainen et al. found that after 3 years of elevated CO2 treatment on 15-year-old scots pine
(Pinus sylvestris) in the OTCs, there were no differences in the amount of extractives in wood.
They also found that there were no changes on extractives content of 20-year-old scots pine
which was treated for 6 years in closed-top chambers (CTCs).
In addition to wood extractives, studies on crop extractives, tree leaves, and other plants
have been also reported (DaMatta et al. 2010; Ghasemzadeh et al. 2010; Mattson et al. 2005;
Penuelas et al. 1996). Da Matta et al. investigated the impacts of elevated CO2 on crop
physiology under FACE or OTC (open top chamber) conditions. They reported that under the
elevated CO2 conditions, the concentration of proteins and mineral nutrients decreased and the
lipid compositions were altered (DaMatta et al. 2010). Phenolic compounds of plants grown
under elevated CO2 condition have been studied (Ghasemzadeh et al. 2010; Johnson and
Pregitzer 2007; Penuelas et al. 1996). Penuelas et al. determined total phenolics concentration of
wheat (Triticum aestivum L. cv. Yecora rojo), a spring wheat, sour orange (Citrus aurantium L.)
and pine (pinus eldarica L.) tree leaves. The total phenolics concentration of wheat leaves grown
at elevated CO2 increased, while no significant change in orange tree leaves and reduced
phenolics in pine tree needles were reported (Penuelas et al. 1996). Ghasemzadeh et al. studied
ginger (Zingiber officinale Roscoe.) to determine the feasibility of increasing levels of phenolic
acids along with flavonoids. They reported an increase in phenolic compounds in response to
CO2 enrichment. According to their data, vanillic and gallic acids were the most abundant
phenolic acids (Ghasemzadeh et al. 2010).
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Johnson and Pregitzer studied soil from the Aspen FACE for the concentrations of
soluble soil sugars, soluble phenolic acids, and free amino acids. Because these components were
mostly derived from plant and microbial processes, it would be interesting to study the possible
correlation with tree responses (e.g. extractives content) on the site. They reported small
increases of total soluble sugars and total soluble phenolic acids in the soil under elevated CO2
treatment. They also found that concentrations of sugars increased throughout the growing
season, while phenolic acids in the soil were constant. This result suggests that concentrations of
soluble sugars and soluble phenolic acids in the soil are strongly influenced by soil properties,
plant and microbial activity, and to lesser degree, changes in atmospheric CO2 (Johnson and
Pregitzer 2007).
Mattson et al. studied 1-year-old potted paper birch on the Aspen FACE site. They
reported elevated CO2 increased carbon partitioning in all measured classes of phenolics, such as
cinnamic acid derivatives, condensed tannins in leaves. In stem tissues, tannin, a component of
phenolic acid, was increased. They speculated that this could be caused by CO2 enrichment
which stimulated increase in carbon partition to phenylpropanoids (Mattson et al. 2005).
Changes of free sugars and starch content of CO2-enriched wood have been noted (Ainsworth
and Long 2005; Kaakinen et al. 2004). Non-structural sugars and starch content of CO2 enriched
woods from the FACE sites increased by 30-40% compared to the control samples (Ainsworth
and Long 2005).

Kaakinen et al. (2004) also reported that soluble sugars and starch

concentration increased with 3 years of CO2 treatment in the Aspen FACE site (Kaakinen et al.
2004).
The influence of CO2 enrichment on nutrient components and extractives is uncertain. In
addition, little has been reported that directly assesses the effect of CO2 on nutrient components
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and extractives of deciduous trees. The objective of this research was to explore how CO2
enrichment affects the nutrient components including ash and extractives content in sweetgum
and aspen trees. Accessing nutrients status and extractives for both CO2 enriched and ambient
CO2 sweetgum and aspen trees will help to understand how future climate will affect trees’
nutrient cycling and secondary metabolism.

3.2 Materials and Methods
3.2.1 Materials
Wiley-milled sweetgum (Liquidambar styraciflua) and aspen (Populus tremuloides)
samples described in Chapter 2 were used for elemental analysis, ash content and extraction. The
following reagents and chemicals were obtained from Fisher Scientific and used without further
purification; ethanol (190 Proof), digestion tablet (Kjeltab) to substitute 1.5 g of potassium
sulfate (K2SO4) and 0.125 g of copper sulfate Pentahydrate (CuSO4.5H2O), sulfuric acid (99%),
Nitric acid (HNO3) (67-70%), hydrogen fluoride (HF) (51%), hydrogen peroxide (H2O2) (35%),
boric acid (H3BO3) (4%), gallic acid, Folin-Ciocalteau (FC) reagent, sodium carbonate.
3.2.2 Methods
Gravimetrical ash content of both raw (total ash) and extracted biomass (structural ash)
were measured by using 50 mL porcelain ashing crucibles followed by combusting 0.7 g of
biomass at 575 ˚C for 24 hours. Ultimate analysis of carbon of sweetgum and aspen samples was
performed using a CHN analyzer (Perkin Elmer). Total nitrogen content in both species was
measured by block digester method (Barbano et al. 1990). 0.2 g of sample was placed in the
digestion tubes, and a commercially purchased salt catalyst mixture in tablet form, boiling
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stones, and 3.5 mL of concentrated sulfuric acid were added. The tubes were then placed in a
block digester which was preheated to 160 ˚C. The temperature was increased to 390 ˚C and was
maintained for 4 hours until complete digestion was observed. After complete digestion, the tube
was cooled for 10 minutes at room temperature and 46.5 mL of DI water was added. The tube
was then vortex mixed, and 10 mL aliquot was used for N measurement by a colorimeter (Skalar
san plus analyzer). Inorganic elements content was analyzed by inductively coupled plasmaoptical emission spectroscopy using an Optima 7300 DV spectrometer (ICP-OES, Perkin Elmer).
Microwave digestion was performed before ICP analysis. 0.5 g of sample was microwavedigested (Multiwave 3000, Anton Parr) with 8 mL of HNO3, 3 mL of H2O2, and 0.1 mL of HF at
180—210 ˚C for 100 min. After digestion, 1 mL of boric acid was added and diluted with DI
water to make 50 mL of total volume. The cooled solutions were filtered (0.2 µm, Teflon filter),
then analyzed for determination of inorganic elements by ICP-OES. The C and N analyses were
conducted on duplicate samples, and ashing and inorganic analysis were performed in triplicate.
Extractives extraction was conducted using an accelerated solvent extractor (ASE 350,
Dionex Corp.). The total extractives of approximately 5 g of sieved raw samples were extracted
with water followed by ethanol under 1500 psi, 100 ˚C, 5 min. heat time, 7 min. static time and
three static cycles. The extracted sample was then allowed to dry in a low temperature oven (35
˚C) until it reaches a constant weight, and then the extractives content was calculated. The
moisture content of each sample was calculated from the sample dried in a 105 ˚C convection
oven for a minimum of 4 h. The total phenolics in the extractives fraction were determined by
following the Folin-Ciocalteau method (Singleton and Rossi 1965). Aliquots were acquired from
the extracted water and ethanol solutions for each sample. Sample aliquots (20 μL), a gallic acid
calibration standard and a blank were put into 2-mL plastic cuvettes. Then 1.58 mL of DI water
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was added, followed by 100 μL of FC reagent. The solutions were mixed thoroughly by
pipetting. These steps did not exceed 8 min to avoid oxidative reaction caused by the FC reagent
and thus instability of the colored product. 300 μL of sodium carbonate solution were added,
mixed, and incubated for 2 hr at room temperature. The sample absorbance was measured at 765
nm using a UV-VIS spectrometer (Perkin Elmer). Extraction was done in triplicates, and total
phenolics were conducted with duplicate for each sample. Protein content was calculated
according to the equation, % protein = N x 6.25 (Vogel et al. 2011).

3.3 Results and Discussion
3.3.1 Nutrients
Figure 13 and Figure 14 show the total ash content for each tree species and their
corresponding CO2 treatment. The total ash content of control sweetgum ranged from 0.40 to
0.49%, while that of CO2 treated varied from 0.47 to 0.62%. The ash content of control aspen
ranged from 0.25 to 0.36% whereas that of CO2 treated ranged from 0.32 to 0.47%.
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Figure 13. Total ash content of control and CO2 treated sweetgum. Values are %, dry basis.
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Figure 14. Total ash content of control and CO2 treated aspen. Values are %, dry basis.
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Figure 15 and Figure 16 show the structural ash content measured from extractives free
samples from each tree species and corresponding CO2 treatment. Structural ash content of
control sweetgum ranged from 0.19 to 0.30%, while that of CO2 treated varied from 0.24 to
0.36%. Non-structural ash content of both control and CO2 treated aspen ranged from 0.1 to
0.25%.
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Figure 15. Structural ash content of extracted sweetgum. Values are %, dry basis.
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Figure 16. Structural ash content of extracted aspen. Values are %, dry basis.
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The estimated mean values of ash, carbon/nitrogen content are presented in Table 3 (LSD,
α < 0.05). Total ash content in raw biomass represents both structural and non-structural ash in
the biomass. Ash content in extractives free sample represents only structural ash content in the
biomass, because non-structural ash was removed in the extraction process.
The mean values of total ash content in raw sweetgum were 0.44 % and 0.53 % for
control and CO2 enriched samples, respectively. Statistical analysis (LSD, α < 0.05) revealed that
total ash content of sweetgum grown under higher CO2 level was significantly higher (19.0 %
higher) than trees grown under ambient CO2 level. Aspen trees showed a trend similar to
sweetgum. Mean total ash content of aspen treated with higher CO2 was 0.39 % while ambient
aspen was 0.32 %, which is also higher (20.5% higher) than ambient trees.
The structural ash content in the extractives free sweetgum also seemed to be slightly
higher in the elevated CO2 trees. The mean structural ash content of sweetgum from elevated
CO2 was 0.28% and that of ambient condition was 0.24 %. The mean of structural ash content
for aspen trees was 0.19 % for both, elevated CO2 and ambient trees. Statistical results showed
that there were no differences for the structural ash content between the two levels of CO2
treatments. Figure 15 and Figure 16 show the ash content of each extracted tree species and their
corresponding CO2 treatment.

56

Table 3. The summary of ash, C, and N in sweetgum and aspen.1

Total ash content 2

Structural
ash content 2

C

N

Control

0.44 (0.010) b3

0.24 (0.010) a

48.13 (0.06) a

0.047 (0.0109) a

CO2

0.53 (0.012) a

0.28 (0.010) a

48.10 (0.06) a

0.048 (0.0011) a

Control

0.32 (0.010) b

0.19 (0.013) a

48.54 (0.06) a

0.062 (0.0016) a

CO2

0.39 (0.010) a

0.19 (0.011) a

48.60 (0.06) a

0.056(0.0019) a

Samples

Sweetgum

Aspen

1) Estimated mean values from statistical method (LSD, α < 0.05). Standard error values are appeared in parentheses.
Values are % dry basis.
2) Ash content was measured from both raw and extractives free biomass
3) “a” and “b” represent significant difference.
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Carbon (C) in each sample was fairly consistent with approximately 48 % of the
total dry weight (Table 3). No statistical differences were observed in both, sweetgum
and aspen, due to CO2 enrichment. The amount of N in control aspen was 0.062 % and
0.056 % for elevated CO2 aspen sample, while 0.047 % and 0.048 % in control and
elevated CO2 sweetgum. Even though N in elevated CO2 aspen tends to be lower
concentration compare to control aspen, N concentration in both species showed no
significant differences between the CO2 treatments.
Many studies have shown that after a certain time, tree responses, such as NPP, to
elevated CO2 declined because of N deficiency in soil (Norby et al. 2002; Norby et al.
2010; Oren et al. 2001). According to these studies, N concentration in tissue foliage was
found to decrease due to the enhanced biomass. Johnson et al. tested the uptake and
requirement of N for sweetgum from the ORNL site after 1-year of elevated CO2
exposure, and reported that both uptake and requirement of N were significantly greater
with elevated CO2 (Johnson et al. 2004). Oren et al. reported decline in tree responses to
higher CO2 caused by N deficiency at the Aspen site (Oren et al. 2001), however this
response was not found in the replicated experiment at the same site (Hamilton et al.
2002). Allen et al. also did not find significant effects of elevated CO2 on C:N ratio
during the first year of the treatment in loblolly pine from Duke FACE (Allen 1992).
The nitrogen content results from our study were in agreement with some of
previous studies (Atwell et al. 2003; Entry et al. 1998). As mentioned earlier, the N status
in a plant is closely related to soil N availability, plant N uptake, and assimilation
capacity (Natali et al. 2009). Recent study indicated that the soil N availability in ORNL
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FACE site had been declining faster in response to CO2 enrichment (Garten et al. 2011).
No statistical differences in N concentration in sweetgum could be caused by balance
interaction of the tree between the decreased N availability in the soil at ORNL site, and
tree’s effort to try to sustain N uptake with enlarged root system. There were studies
about the additional nitrogen application in soil that did not affect N content in the wood
after elevated CO2 exposure (Atwell et al. 2003; Entry et al. 1998), suggesting further
studies are necessary.
Major elements in wood ash are C, Ca, K, Mg, and P. The higher ash content in
both species due to the elevated CO2 treatment from the current study led to in-depth
study of the inorganic nutrients in the biomass. Table 4 presents the estimated mean
values of inorganic elements concentration contained in sweetgum and aspen samples by
LSD (α < 0.05).
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Table 4. Inorganic elements (mg/kg) contained in sweetgum and aspen tree.1, 2, 3

Samples

Ca

Control

713.77 (14.72) b

K

Mg

P

S

690.90 (16.51) a

239.76 (12.74) b

77.52 (6.90) a

79.62 (0.92) a

Sweetgum
CO2

787.58 (21.07) a

669.64 (23.55) a

283.50 (13.16) a

74.74 (4.17) a

80.74 (1.03) a

Control

811.74 (14.41) a

812.76 (26.96) b

196.92 (7.51) a

242.43 (16.90) b

73.93 (1.18) a

CO2

827.13 (24.75) a

936.80 (24.46) a

208.81 (5.89) a

301.12 (11.26) a

73.55 (1.17) a

Aspen

1) Estimated mean values from statistical method (LSD, α < 0.05). Standard error values are appeared in parentheses.
Values are % dry basis.
2) “a” and “b” represent statistical significant difference.
3) Concentrations were calculated on the basis of the dry weight of samples (mg/kg)
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The amount of Ca and Mg in sweetgum was significantly higher with CO2 treatments
(LSD, α < 0.05). In sweetgum grown under higher level of CO2, Ca was 10.0 % and Mg
was 18.0 % higher than the trees grown under ambient CO2. Amounts of K, P, and S
showed no significant differences, but tend to be higher in elevated CO2 sweetgum except
for K. In aspen trees, K and P showed differences between the treatments with higher
amount in elevated CO2 treated trees. The mean differences between the treatments are 23
%, 31 % for K and P, respectively. Similar to the sweetgum findings, while not
statistically different, the nutrients Ca and Mg appeared to be higher in elevated CO2
aspen.
The increase of ash content in both species and increase of some of the inorganic
elements in the elevated CO2 trees are partially in agreement with previous reported
studies. Elevated CO2 did not change the amount of P, K, Ca, and Mg in beech and
sweetgum (Cotrufo and Ineson 2000; Johnson et al. 2004). In our study, the differences in
inorganic content largely depended on species. In the case of sweetgum, only Ca and Mg
differed significantly, while K and P differed in aspen. At high levels of atmospheric
CO2, increases in net C uptake have been reported to be accompanied by increases in the
uptake and requirement of N, K, Ca and Mg (Johnson et al. 2004). This may be caused by
an increase of fine root growth and access to large soil exchangeable pools of P, K, Ca,
and Mg. Johnson et al. hypothesized that the constraints of nutrients to growth response
to elevated CO2 would be mitigated primarily by increased uptake because of adequate
soil supplies (Johnson et al. 2004). This hypothesis was supported by their result;
elevated CO2 had no significant effects on tissue concentrations of P, K, Ca, and Mg, and
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caused significantly increased uptake and requirement of the trees for K, Ca, and Mg
(Johnson et al. 2004). Hagedorn et al. also reported that on nutrient-rich soil, increased
atmospheric CO2 enhanced nutrient accumulation in trees (Hagedorn et al. 2002). It
appears that the increase of certain inorganic components could be due to the increased
uptake of inorganic elements. We hypothesized that with the enlarged fine root biomass,
uptake of cations is not necessarily related to demand and tree will take up excess
amounts of Ca, Mg, K, and P if they are available.
The present study agrees with most of the published results. Even though the types of
nutrients that increased in sweetgum and aspen were different and difference varied
between the species, ash content and most of the macronutrients appeared to increase in
the trees grown under elevated CO2 treatment. It may be due to the larger underground
biomass, and increased of non-selective uptake and requirement of the trees under N
limitation.
3.3.2 Extractives
Figure 17 and 18 show the range of extractives content in sweetgum and aspen.
The extractives content for control sweetgum ranged from 2.8 to 4.4 % while that of
elevated CO2 ranged from 3.5 to 4.5% in trees on dried weight basis (Fig 17). For control
aspen, they ranged from 5.5 to 10.2 %, whereas CO2 enriched samples ranged from 4.5 to
10 % (Fig 18). Both of the species did not have differences in terms of extractives
between the treated CO2 levels.
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Figure 17. Extractives content in sweetgum.
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Figure 18. Extractives content in aspen.
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Statistical results of extractives content, concentrations of total phenolic and
protein are presented in Table 5. Mean value of extractives content in higher CO2 treated
sweetgum is 3.93 % and that of ambient CO2 sweetgum is 3.86 %. For aspen sample,
7.90 % and 8.08 % are mean value of extractives content for elevated CO2 and ambient
CO2 treated aspen, respectively.

Table 5. Extractives content, total phenolics and protein concentration in sweetgum and
aspen 1,2

Extractives 3

Total phenolics 3

Protein

Control

3.86 (0.25) a

130.92 (3.09) b

0.30 (0.01) a

CO2

3.93 (0.10) a

157.59 (2.73) a

0.29 (0.01) a

Control

8.08 (0.34) a

250.17 (6.15) a

0.39 (0.01) b

CO2

7.90 (0.32) a

253.47 (3.48) a

0.35 (0.01) a

Samples

sweetgum

aspen

Estimated mean values from statistical method (LSD, α < 0.05). Standard error
values are appeared in parentheses. Values are % dry basis.
2) “a” and “b” represent statistical significant difference.
3) Extractives = % dry basis, Total phenolics = GAE (mg/L)
1)
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While no differences were observed in the total extractives content, the total
phenolics concentration for enriched CO2 treated sweetgum (157.59 mg/L) was higher
than that of the control (130.92 mg/L) (Table 5 and Fig 19). Approximately 20 % higher
amount of total phenolics existed in elevated CO2 treated sweetgum.
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Figure 19. Amount of total phenolics in sweetgum. Unit is Gallic Acid Equivalent per liter
(mg/L).
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On the other hand, no difference was found regarding total phenolics amount in
aspen trees between the treatments. Mean value of total phenolics in CO2 enriched aspen
samples was 253.47 (GAE, mg/L), and in ambient aspen samples was 250.17 (GAE,
mg/L) (Table 5 and Fig 20).
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Figure 20. Amount of total phenolics in aspen. Unit is Gallic Acid Equivalent (mg/L).

Increased total phenolics levels under elevated CO2 have been observed in many
tree species, including aspen, birch, oak, maple, eucalyptus, spruce, and pine (Lindroth
2010; Tuchman et al. 2003), and our sweetgum result was in an agreement with those
results. Also in aspen tree, even though the difference was not significant, total phenolics
content appeared to be slightly higher in CO2 enriched tree. Phenolics have potential to
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be influenced by changes in carbon inputs (Johnson, R. M. and Pregitzer 2007). Elevated
CO2 may influence the chemical pathways that regulate gene expression and synthesis of
secondary compounds (Lindroth 2010). This means that growth under elevated CO2 can
alter the chemical composition of trees. Studies of the effects of elevated CO 2 on
secondary metabolites in trees have been conducted, particularly for carbon-based
compounds such as phenolics and terpenoids (Lindroth 2010). The shikimic acid
pathway, known to produce phenolics compounds in trees, was found to be the most
influenced pathway by CO2 level (Lindroth 2010). Enriched atmospheric CO2 has been
reported to increase tannin concentration and simple phenolics, including phenolic acids
and glycosides (Lindroth 2010). Total phenolic concentration in sweetgum confirms
previous findings that CO2 trees have higher level of phenolics than the control, however
aspen does not agree, suggesting secondary metabolism responses to the elevated CO2
vary according to species.
A possible interpretation of these increased total phenolics in elevated CO2
sweetgum can be explained by growth-differentiation balance hypothesis of a tree.
Growth refers to the production of a tree and differentiation is everything else, such as
enhancement of the structure or function of existing cells (Stamp 2003). Secondary
metabolism is one of the examples of those kinds of differentiation related processes
(Herms and Mattson 1992). The growth-differentiation balance hypothesis states that any
environmental factor that slows growth of the tree can result in C allocation to
differentiation-related products. In current study, N amount in sweetgum showed no
differences and N availability in the soil decreased under elevated CO2 treatment (Norby
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et al. 2010). When there is a limiting factor (N availability in the soil) which slows down
the tree growth rate, carbohydrates accumulate in the differentiation-related products
(secondary metabolites, total phenolics in this study) with low cost to plant fitness (Stamp
2003).
Mean values of protein concentration for sweetgum were 0.29 and 0.30 % for
control, and elevated CO2 samples, respectively (Table 5). Statistical difference was not
found by LSD (α < 0.05). In aspen, protein content appeared to be lower in elevated CO2
sample but LSD result showed there were no statistical differences between the CO2
treatments (Table 5). The mean value for control aspen was 0.39 % and that of elevated
CO2 aspen was 0.35 %.
Stored proteins perform essential roles in plant survival, acting as molecular
reserves, important for plant growth and maintenance, as well as being involved in
defense mechanisms (Candido et al. 2011). Ribulose biphosphate carboxylase-oxygenase
(Rubisco) is the most abundant soluble protein in plant tissue, and is believed to have a
storage function in addition to its enzymatic functions (Millard and Catt 1988; Moreno
and Garciamartinez 1983). In FACE experiments, decrease of Rubisco along with the N
limitation under higher CO2 was reported (Ainsworth et al. 2004). Trees under elevated
CO2 assimilate more C into carbohydrates than they can incorporate into their growing
tissues. In response, trees diminish assimilation by decreasing their Rubisco levels (Long
et al. 2004). The result from current study in term of protein content, which was no
differences between the treatments, indicated that CO2 effects on secondary metabolite
vary between species. Also it has to be noted that our nitrogen amount was very low
compare to published data. Although the data between replicate showed very small
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standard error, the results may be due to instrumental or experimental limitations.
Additional samples will be analyzed to verify the reported values.

3.4 Conclusion
In this study, total ash, extractives, total phenolics, inorganic elements, C and N
contents were measured for two tree species grown under ambient and elevated CO2
levels from the ORNL and Aspen FACE sites.
C amount in each species was fairly consistent among samples (48 % on dry
weight basis) and showed no differences between the treatments. No differences were
detected in N content between the control and CO2 treated sweetgum and aspen. Total
ash content showed differences between the treatments. For both, sweetgum and aspen
trees, averaged ash content of CO2 enriched trees was higher than that of ambient
samples. In sweetgum grown under higher level of CO2, Ca was 10.0 % and Mg was 18.0
%, higher than sweetgum grown under ambient CO2 level. K, P, and S content were not
affected by the CO2 treatments in sweetgum. In aspen trees, differences were found for K
and P between treatments with higher content in elevated CO2 treated trees. Total
extractives content for both species showed no differences between CO2 treatments,
however the amount of total phenolics in sweetgum was higher in the CO2 enriched
samples. On the other hand, no difference in total phenolics was detected in aspen
samples. Elevated CO2 on both of the species had no effect on protein content. It appears
that non-structural components in trees, as opposed to structural components, are more
affected by changes in the level of CO2 in the atmosphere.
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CHAPTER 4
Environmental implications: correlation between CO2 treatment and
tree responses
4.1 Introduction
Global efforts to understand environmental responses of our ecosystem to
changing climate, including increased atmospheric CO2 levels, have led to a large-scale
global project known as Free Air CO2 Enrichment (FACE) project. Numerous studies,
including the FACE project, provide insight on how trees will respond to the projected
future environmental changes. It has been widely acknowledged that elevated CO2 leads
a higher photosynthetic rate in plants and consequently demonstrates higher above/below
ground biomass yield of plants (Gielen and Ceulemans 2001; Medlyn et al. 1999; Norby
et al. 1999; Saxe et al. 1998; Wullschleger et al. 1995). Past research incorporating a
variety of trees differing by species, age, and CO2 enrichment conditions revealed that
each part of the plant, such as crown, leaves, stem and roots, responded differently to the
elevated CO2 (Nosberger et al. 2006). Since the focus of the present study is on the
chemical changes of wood, additional worthwhile data are summarized to determine the
chemical responses of trees to the elevated CO2 under various treatment and species
conditions (Table 6 in Appendix). In addition, various responses of sweetgum and aspen
trees to the elevated CO2 treatments are provided (Table 7 in Appendix).
As described in the previous chapters, the tree structural components (cellulose,
hemicelluloses and lignin) remained unchanged, while ash and inorganic components
increased upon CO2 enrichment. Tree responses to elevated CO2 have been attributed to
several factors. For instance, tree growth largely depends on variables such as
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photosynthesis rate, N availability in soil, water, inorganic nutrients availability – beside
seasonal variations and duration of treatment (Kaakinen et al. 2004; Kilpelainen et al.
2007; Kilpelainen et al. 2005; Kostiainen et al. 2009; Luo and Polle 2009; Norby et al.
2010). The statistical analysis methods used in chapter 2 and 3 (LSD) dealt with one
variable at a time, which is also known as a univariate method. Although univariate
methods carry important information, they are insufficient for a more complex data
(Esbensen 2001). Multivariate analysis can use more than one independent variable and
involves mathematical treatment of the data to detect hidden differences (Esbensen
2001). Therefore, a more suitable approach to studying the tree responses to elevated CO2
was selected since they are influenced by many factors. Currently, multivariate analysis
of data regarding the effects of CO2 on chemical responses of tree has not been reported.

4.2 Methods
The basic assumption for the use of multivariate analysis is that all the data (tree
responses in this research) carry information regarding the effects of elevated CO2. There
may be a relationship between the tree responses and the CO2 treatments, which could
not be detected by univariate methods. To determine potential relationships, principal
component analysis (PCA), a type of multivariate analysis, was employed. In the PCA,
sample was object or individual on which data values are collected (CO2 treatments in
this study), and variables were any measured parameter that has varying values over a
given set of samples (tree responses to the CO2 treatments in this study). The scores plot
describes the relation between sample categories and helps visualize any clustering or
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trends in the data set in the new system of axes of principal components (PCs). The
loadings plot presents correlation between the PCs and original variables. This statistical
method offers a reliable separation between the sample categories (CO2 treatment in this
study) by using the responses of tree under the treatment (Esbensen 2001).
The sample categories for the present study were CO2 and control, and variables
were content of cellulose, hemicellulose, lignin, Ca, Mg, K, P, S, protein, total phenolics,
extractives, and ash for both species. The data were imported and standardized prior for
the PCA analyses in Unscrambler software (v.9.0, CAMO, Woodbridge, NJ.).

4.3 Results and Discussions
The results from PCA are displayed in scores and loadings plots (Fig 21 and 22).
The scores plot is a map of samples and loadings plot is a map of variables. Figure 21
shows scores plot (a) and loadings plot (b) of the different responses for sweetgum
samples. While some overlapping exists, the scores plot shows a separation between the
ambient and elevated CO2 treated sweetgum by PC1 and PC3. PC1 accounts for 24% of
the variance and PC3 for 15%. The loadings plot shows that the separation is mostly due
to total phenolics, hemicellulose, Ca, and lignin. Elevated CO2 samples have higher
levels of hemicellulose, Ca, ash, total phenolics and lower amount of lignin. Even though
the PCA results do not provide the significance of the visual differences, most of the
variables associated with the elevated CO2 treatment match those from the LSD results
found in the previous chapters. Indeed, Ca, Mg, total phenolics and ash content were
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higher in the elevated CO2 treated sweetgum (Table 3, 4, 5 in chapter 3). In addition,
even though the univariate method did not find the differences in lignin and
hemicellulose amount between the two levels of CO2 treatments in sweetgum, the PCA
result detected that these variables were also affected by elevated CO2 treatment at a
lesser degree (PC1 = 24%).
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Figure 21. Scores (a) and loadings (b) plots show the relationships between samples and
variables of sweetgum, respectively.
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Figure 22 presents the scores plot (a) and loadings plot (b) of the different
responses for the aspen samples. There are also two separated sample clusters in the
scores plot, suggesting that there is a difference between aspen exposed to ambient and
elevated CO2. The separation was obtained by PC3 which accounts for 13 % of the
variance. With cluster overlapping similar to sweetgum separation (Fig 21), the elevated
CO2 treatment clustered along the positive axis of PC3, while the control CO2 treatment
was found along the negative axis. The loadings plot shows that lignin, ash, K, and
cellulose are the most affected by CO2 treatment. CO2 treated aspen has higher amount of
ash, lignin, and K and lower amount of cellulose compare to the ambient aspen.
According to the LSD results from previous chapter (Table 3, 4, 5 in chapter 3), ash
content, concentration of K and P were significantly higher. In addition, by PCA, we
found that lignin and cellulose are also impacted by elevated CO2 treatment to a lesser
degree (PC3 = 13%)

75

4

a

PC3 (13 %)

2

0
-5

-3

-1

1

3

5

-2
CO2
Control

-4

PC1 (24 %)
0.6

b

ash
Lignin

K

PC3 (13 %)

0.3

P

phenolics
0.0
-0.6

-0.3

0.0

S
0.3
Mg 0.6
extractives
Ca
hemicellulose
protein

-0.3
cellulose

-0.6

PC1 (24 %)
Figure 22. Scores (a) and loadings (b) plots show the relationships between samples and
variables of aspen, respectively.

76

As seen in Figures 21 and 22, the distinction between the CO2 treatments is
possible for both species when all responses are being analyzed together. These results
also indicate that the effects of elevated CO2 on chemical properties of wood varies
between tree species (Nosberger et al. 2006; Kaakinen et al. 2004; Kilpelainen et al.
2007; Kilpelainen et al. 2005; Kostiainen et al. 2009; Luo and Polle 2009; Norby et al.
2010).

4.4 Conclusion
Various chemical properties of two tree species were investigated to identify
potential effects of long exposure to CO2. In total, twelve characteristics were measured
and compared by PCA. These characteristics were concentration of cellulose,
hemicellulose, lignin, ash, extractives, total phenolics, proteins, Ca, Mg, P, K, and S.
Principal component analysis of all the responses were performed for each tree species,
allowing for the determination of the chemical characteristics that were affected by the
increased CO2 in the atmosphere during the growth of the trees. To summarize, it was
found that some sweetgum and aspen characteristics after long exposure to elevated CO2
differ from control treatments, contributing the treatment separation. The PCA plots
confirmed some of the results from the univariate statistical approach (LSD). Elevated
CO2 treated sweetgum has higher amount of hemicellulose, Ca, ash, total phenolics, and
lower amount of lignin. The amount of lignin, ash, and K were higher, and cellulose was
lower in elevated CO2 aspen. Interestingly, PCA revealed that structural composition
(cellulose, hemicelluloses, and lignin) was also affected by the elevated CO2 treatment.
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Chapter 5
Conclusions and Recommendations
This research investigated the effects of free-air CO2 enrichment on the wood
chemistry of two deciduous tree species: 22-year old sweetgum (Liquidambar
styraciflua) from the ORNL site which was treated with CO2 enrichment (targeting
550ppm) for the last 11 years, and 12-year old aspen (Populus tremuloides Michx.) from
the Aspen site which was also treated with CO2 (targeting 560ppm) for 11 years. Eight
sweetgum trees were selected from the elevated and ambient CO2 plots at the ORNL
FACE site. From the Aspen FACE site, ten aspen trees were chosen from each treatment
condition.
For sweetgum, the amount of cellulose and hemicellulose increased by 1.3 and
0.4%, respectively, while the lignin decreased by 0.5%. All changes were found to be
statistically insignificant when a univariate approach was used to compare the means
(ANOVA followed by Least Significant Difference test α < 0.05). For aspen, the amount
of cellulose, hemicellulose, and lignin increase by 0.6, 0.1, and 0.3%, all of which were
also found to be statistically insignificant when a univariate approach was used to
compare the means (ANOVA followed by Least Significant Difference test α < 0.05).
In addition to structural components, carbon, nitrogen, total ash, inorganic
elements, extractives, and total phenolics contents in wood were measured to investigate
the effects of elevated CO2 treatments on secondary metabolites of the two studied tree
species.

The amount of C in each species was fairly consistent and showed no
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differences due to the elevated CO2 treatment. The measured C and N concentrations in
wood did not change under the elevated CO2 treatment in the both of the species.
For both sweetgum and aspen trees, the average ash content of CO2 enriched
samples was higher than that of the ambient CO2 trees. Some of the inorganic
components in sweetgum samples treated with higher level of CO2 were increased
compared to that of control samples. The amount of Ca was 10.0 % and Mg was 18.0 %
higher than the sweetgum trees grown under ambient CO2 level. K, P, and S showed no
differences between the treatments in sweetgum. In aspen trees, amount of K and P
increased upon elevated CO2 treatment. Total extractives content for both species showed
no differences between CO2 treatments; however, the amount of total phenolics in
sweetgum was 20 % greater in the CO2 enriched samples and no difference was detected
in the aspen trees. Protein concentration in both of the elevated CO2 species showed no
differences compare to ambient CO2 treatment.
Principal component analysis was employed to investigate clustering effects
between sample treatments. The two levels of CO2 treatments were separated. Elevated
CO2 sweetgum had higher amount of hemicelluloses, Ca, ash, total phenolics, and lower
amount of lignin. In aspen, CO2 enriched sample had higher amount of lignin, ash, K, and
lower amount of cellulose. In summary, univariate statistical method showed that
elevated CO2 concentration did not have large effects on structural component after long
term of CO2 exposure, while non-structural components were significantly affected by
higher CO2 concentration. However, multivariate statistical method revealed that
structural component was also affected by elevated CO2 treatment.
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For the future work, sample sizes and sample preparation methods need to be
considered in depth. Even though this research was part of a successful and large scale
project with opportunity to study real responses of sweetgum and aspen related to the
atmospheric climate changes, the sample sizes were limited. Firm conclusions are
difficult to make with only 16 sweetgum and 20 aspen trees, or for the prediction of real
tree responses to the future climate. Also, considering the fact that tree growth rate under
elevated CO2 declined after the first few years of treatment, interesting data could be
obtained by analyzing samples based on annual rings. This could provide opportunities to
analyze detailed spatial and temporal changes of chemical properties of trees. Since this
research included two deciduous tree species, parallel research on the chemical changes
under long term of elevated CO2 exposure of coniferous tree species would provide more
complete set of understanding of such environmental impacts across temperate forest
ecosystem types. Lastly, it is recommended to correlate the changes in chemical
properties with available data such as NPP, anatomical properties (such as cell wall/cell
lumen size distribution, microfibril angle and crystallinity), soil properties. All these
studies would reveal valuable information for the future in planning our global efforts to
respond to inevitable climate changes.
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Table 6. Effects of elevated CO2 and other treatments on the wood chemical properties
Species

Age

Exposure
methods

Treatment

Chemical properties of wood
Cellulose

Hemicellulose

Lignin

N

0

−

Inorganics

Extractives

Norway
spruce

7

Growth
chamber

3-yr CO2

Longleaf
pine

2

OTC, in pots

1.5yr CO2

0

0

0

Radiate
pine

3

OTC

3-yr CO2

0

0

0

Scot pine

15

OTC

3-yr CO2
+T
(amb+2˚C)

0
0

0
+

0
0

20

CTC

−

0

0

0

0

−

Softwood

6-yr CO2

0

Other

Ref

+

Hattenschwiler et al. 1996

0

Entry et al. 1998

Atwell et al. 2003
Kilpelainen, Antti et al. 2003
Kilpelainen, A. et al. 2005

+T (amb+26˚C)
−

Loblolly
pine

4

OTC

4-yr CO2

Douglas
fir

6

CTC

4-yr CO2

0

0

+T(amb+3.5˚
C)

0

0

Whole-tree
chamber

3-yr CO2

0

OTC in pots

20 months
CO2

Norway
spruce

Longleaf
pine

3

0

Tissue et al 1997; Telewski et
al 1999
Tingey et al. 2003; Olszyk et
al. 2005

0

Kostiainen et al. 2009

+T
(amb+5.6˚C)
−

Water stress
applied after
19 weeks

92

−

−

−

0

Runion et al. 1999

Species

Age

Exposure
methods

Treatment

Chemical properties of wood
Cellulose

5

OTC

5-yr CO2

4

Semi-closed
microcosmos

3-yr CO2

poplar

FACE

5-yr CO2 +
N

Aspen

FACE

3-yr CO2

Beech

Hemicellulose

Lignin

N

Inorganics

Extractives

Other

Ref

−

−

Cotrufo and Ineson 2000

+

−

Luo, Z. B. and Polle 2009

+

Kaakinen et al. 2004

−

Paper
birch
Maple
Hardwood

Silver
birch

7

Poplar
Aspen

3

FACE

3-yr CO2

FACE

5-yr CO2

OTC

3-yr CO2

−

0

0

−

+

+

Kostiainen et al. 2006

0

−

−

Luo, Z. B. et al. 2008

0

−

N applied

Others

−

Sweetgum

FACE

CO2

Norby et al. 2010

Sweetgum

FACE

CO2

Paper
birch

FACE

CO2

Wheat

FACE

Orange
tree

OTC

0

OTC

−

CTC

+

+
+

Johnson, D. W. et al. 2004
+

Mattson et al. 2005

+

Penuelas et al. 1996

Pine
Ginger

12 large
scale FACE

Ghasemzadeh et al. 2010
+

Ainsworth and Long 2005

a) Responses are shown as: small but statistically significant increases (+), large and statistically significant increases (++), small but
statistically significant decreases (−), non-significant effects (0) compare to control trees.
b) Abbreviations: FACE (free air CO2 enrichment), OTC (open top chamber), CTC (closed top chamber), T (temperature), N (nitrogen)
c) Inorganics (nutrients), others (soluble sugars, starch)
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Table 7. Summary of responses of sweetgum and aspen to elevated CO2 compared with
ambient CO2. This table contains previously published results a, and our results.
Sweetgum
(published)

Above
ground
properties

Nonstructural
system

Root system

Others

Aspen
(published)

GPP

n.s.

NPP

+ for first six years
n.s. after six years

++ b

Above ground
mass

++ first year
+ second year
n.s. from third year

+

Wood density

n.s.

LAI

n.s.

Our result
Sweetgum

Aspen

+

Cellulose

n.s.

n.s.

n.s.

Hemicellulose

−

n.s.

n.s.

Lignin

n.s.

n.s.

n.s.

−

n.s.

−

n.s.

n.s.

+

n.s.

Ash content

+

+

Ca, Mg

+

n.s.

K, P

n.s.

+

N concentration

−

Fine root N

n.s.

Soluble sugar

+

Total phenolics

n.s.

starch

−

Fine root
biomass

++

Root length

++ in deeper soil

Root turnover

n.s.

+

Stomatal
conductance

−

−

+

Soil respiration
Microbial
activity

++
−

n.s.

a) Published results were cited from Nosberger et al. 2006
b) Responses are shown as: small but statistically significant increases (+), large and statistically
significant increases (++), small but statistically significant decreases (−), nonsignificant effects
(n.s.) compare to control trees.
c) Abbreviations: GPP (gross primary productivity), NPP (net primary productivity), LAI (leaf area
index), Ca (calcium), Mg (magnesium), Mn (Manganese), K (potassium)
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